A phototransistor based on a hybrid of graphene and BP nanosheets with a facile fabrication method and remarkable performance is presented. Unlike previously reported single BP flake-based devices, this phototransistor employs diverse BP nanosheets with different sizes and layer numbers. The wet transfer process of graphene is exploited to integrate the liquid-exfoliated BP nanosheets into the device smoothly. Due to the diversity of BP nanosheets, the device demonstrates a broadband photo-response in the spectrum from 360 nm to 785 nm. The photo-response mechanism is revealed to be the photogating effect caused by the discrete BP nanosheets adsorbed on graphene. The phototransistor has a responsivity of 7.7 Â 10 3 A W À1 in the near-UV region with a wide conductive channel of 200 mm.
Introduction
Two dimensional (2D) materials have been widely investigated for their application in photodetectors due to their excellent optoelectronic properties. [1] [2] [3] [4] [5] [6] [7] [8] Therein, black phosphorus (BP), a layered single crystal with an orthorhombic structure, is of particular importance as it has outstanding merits surpassing other 2D materials including a direct bandgap regardless of the layer number and a wide tunable range of the bandgap from 0.33 eV to 2 eV depending on the layer number. [9] [10] [11] [12] [13] A battery of photodetectors based on exfoliated BP akes have been reported. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] These devices demonstrate distinct performance depending on the BP layer number, channel length, sensing wavelength, temperature etc. For example, the record-high responsivity of a BP-based photodetector is reported by M. Huang et al. by using BP nanosheets of 15 layers and a conductive channel of 100 nm, reaching up to 7 Â 10 6 A W À1 at a 20 K sensing light of 900 nm. 19 Responsivity will decrease to a moderate level of 10 4 A W À1 when the channel length increases up to 1 mm. Obviously, an ultra-narrow channel length, which will induce a limited photosensitive area, along with harsh fabrication conditions would hinder the practical application of this kind of device. To boost the performance of the BP-based phototransistor, an alternative strategy is to employ a graphene-BP hybrid structure. The ultrahigh carrier mobility in graphene and the transparency due to its ultrathin thickness enable monolayer graphene a good conductor for photo-induced carriers. 2, 24 Lots of light harvesting materials including quantum dots, organic-inorganic perovskites, 25 and graphene-like two dimensional materials [26] [27] [28] have been integrated in order to fabricate a high performance phototransistor, achieving a responsivity of up to 10 8 A W À1 . 28 Based on a graphene-BP hybrid structure, Y. Liu et al. and J. Xu et al. successively reported two kinds of phototransistors, in which graphene is used as the conductive layer of the transistor while the BP nanosheet as the light harvester. 29, 30 Due to different layer numbers of BP nanosheets (70 layers for the former and 6 layers for the latter), these two devices can sense infrared light with a responsivity of 3.3 Â 10 3 A W À1 and visible light with a responsivity of 55.75 A W À1 , respectively.
So far, advancements in BP-based photodetectors are based on layered BP single crystals mechanically exfoliated from bulk materials. The complexity of mechanical exfoliation would be a considerable barrier towards the practical application of such a kind of device, as the large-scale growth technology of BP is not available yet. 31 Moreover, atmospheric stability issue of the devices is not clearly addressed in previous reports. Considering that BP is very unstable in air, 10, 32, 33 the atmospheric stability of the device must be taken into account for relevant exploration.
Especially, in the report by Liu et al. a bottom-BP-top-graphene conguration is employed in a phototransistor based on a graphene-BP hybrid. The graphene atop the BP nanosheet isolates BP from air, inducing a good atmospheric stability of the device. 30 Nevertheless, graphene itself is sensitive to air also, suggesting the necessity of additional encapsulation. In this work, a phototransistor based on the graphene-BP nanosheet hybrid is presented. The BP nanosheets with a range of layer numbers are adsorbed onto graphene during its PMMA-assisted wet-transfer process. The wet-transfer process is simplied by reserving the PMMA layer on graphene. Thanks to the wide distribution of the layer number of BP nanosheets, the phototransistor demonstrates a broadband detection ability of light from 360 nm to 785 nm, covering the spectrum from nearultraviolet to visible. The device shows a responsivity of 7.7 Â 10 3 A W À1 for 360 nm illumination with a wide channel length of 200 mm. Moreover, the reserved PMMA layer plays an encapsulation role, inducing a benign atmospheric stability of the device.
Experimental

BP nanosheet preparation
The aqueous solution of BP nanosheets was prepared through a reported liquid exfoliation technique with modication. 34 Generally, bulk BP (40 mg) was added to NMP (40 mL) in a conical tube (50 mL). With temperature kept below 25 C using a water-cooling coil, the mixture was ultrasonicated using a sonic tip with a power of 650 W. The ultrasonication lasted for 4 hours with on/off cycles of 2s/2s. The obtained turbid liquid was centrifuged for 20 min at 3000 rpm. The top half of the supernatant was drawn and ltered with an organic membrane with a hole diameter of 150 nm. The ltered residue was dried at 100 C in a vacuum drying oven and then dispersed in DI-water for use.
Device fabrication
Si/SiO 2 wafer with heavily p-doped Si and SiO 2 of 300 nm thickness was used as the substrate. Two Au electrodes were thermally evaporated on the substrate dening a channel with a length of 0.2 mm and a width of 2 mm. A graphene-BP lm with a PMMA protection layer was prepared and transferred atop the substrate using a modied classical wet transfer method. 35 Specically, the CVD-grown graphene on a Cu coil was purchased from 6Carbon Technology (Shenzhen). PMMA solution in anisole was spin-coated on the coil with graphene. The Cu coil was then etched in ammonium persulfate solution in water. The oating PMMA-graphene was transferred to the aqueous solution of BP nanosheets and kept for one hour before its nal transfer to the substrate. The device was annealed at 60 C for 30 min in a glovebox lled with nitrogen before measurement. The same graphene-BP lm was transferred onto a glass substrate for absorbance measurement. The same graphene-BP lm was transferred onto a Si substrate with the PMMA layer washed off later by acetone and used as the SEM sample.
Characterization
The absorbance spectra were measured using a Cary 60 system with tunable wavelengths. The SEM image was obtained on a Netherlands instrument Phenom Pro microscope. The TEM and HRTEM images were acquired on a Tecnai G2 F30 highresolution transmission electron microscope. Raman measurement was conducted on a Renishaw InVia Raman microscope with an excitation laser wavelength of 532 nm. The AFM images were obtained using a Bruker Dimension Icon atomic force microscope. Devices were measured using a combination of a Keithley 4200 semiconductor analysis system and a probe station in either glovebox lled with N 2 or the atmosphere. The photo-response of the devices was characterized under the illumination of CHI continuous lasers with wavelengths of 360, 405, 532, and 785 nm.
Results and discussion
The BP nanosheets dispersed in water are prepared from the BP bulk using a liquid exfoliation technique reported before. 34 Fig. 1a is the transmission electron microscope (TEM) image of the BP nanosheets, revealing their nonuniform sizes. The high resolution TEM image in Fig. 1b demonstrates the (012) crystal lattice of BP. 36 The X-ray diffraction pattern in Fig. 1c further conrms the orthorhombic lattice structure of the BP nanosheets. The Raman spectrum of a BP nanosheet on a silicon substrate with an excitation of 532 nm laser is shown in Fig. 1d . The peaks at 362, 440, and 467 cm À1 correspond to the vibration modes of the BP nanosheet crystal lattice named aer A 1g , B 2g , and A 2g , respectively. 37 The AFM images of BP nanosheets on the substrate are shown in Fig. 1d . It reveals that besides the nonuniform size, the BP nanosheets have different thicknesses, corresponding to different layer numbers. The contours along with three lines are proled in Fig. 1f to probe the thickness of the BP nanosheets overlapped. The corresponding layer numbers of the nanosheets along with the three lines are shown in Fig. 1e . According to the BP monolayer thickness of $0.6 nm, the probed BP nanosheets have a layer number between 4-36. 38 Note that this layer number range must not cover all BP nanosheets in the solution. It is very probable that monolayer BP exists according to the previous report on the liquid exfoliation technique. 34 It is well known that the bandgap of BP varies from 0.3 to 2.0 eV with the layer number decreasing from more than ten to one. 10 Therefore, the BP nanosheets used in this work have widely dispersed electronic band gaps, which are supposed to enable the efficient broadband photodetection ability of the presented phototransistor.
A phototransistor based on graphene-BP nanosheet hybrids (graphene-BP) is fabricated with a structure as illustrated in Fig. 2a . First, a heavily n-doped silicon substrate with a silica surface layer of 300 nm is cleaned and treated with O 2 plasma for use. Then two Au electrodes are thermally evaporated onto the substrate through a shadow mask dening a conducting channel with a width/length of 2/0.2 mm. CVD-grown monolayer graphene on a Cu coil was commercially purchased. The graphene-BP lm is prepared using a modied classical wet-transfer method. 35 Specically, a PMMA layer is deposited on the graphene for protection. The Cu coil is etched in ammonium persulfate solution. The oating PMMA-graphene membrane is transferred to the aqueous solution of BP nanosheets and kept for one hour before its nal transfer to the substrate. Graphene in this very step would adsorb BP nanosheets, forming a graphene-BP nanosheet hybrid lm. The hybrid lm is then transferred onto the electrode-deposited substrate giving a phototransistor. The monolayer properties and good crystallinity of graphene are further veried by the Raman spectrum of a pure graphene on the Si/SiO 2 substrate prepared using the same transfer method except for the existence of BP, as shown in Fig. S1 . † 35 The scanning electron microscope (SEM) image of the hybrid lm with the PMMA layer washed off is shown in Fig. 2b , which reveals a discrete adsorption of BP nanosheets on graphene. The UV-Vis absorbance spectra of the graphene lm with PMMA, BP nanosheet solution, and graphene-BP lm with PMMA are shown in Fig. 2c . The results reasonably reveal the universal enhancement of absorbance aer graphene adsorbed the BP nanosheets in the measured range, thanks to the wide spectral absorption of the BP nanosheets. It is worth noting that the enhancement in the ultraviolet side is less than that in the long wavelength side. The reason is speculated to be that the percentage of BP nanosheets with more layers, which have a smaller band gap, is larger in the adsorbed lm than in solution. A graphene-only device with the same device conguration but excluding the BP nanosheets was fabricated for comparison. The transfer curves of the graphene-BP and graphene-only devices were obtained in the dark and are shown in Fig. 2d . The Dirac point of the transfer curve of the graphene-BP device locates at a more positive position than the graphene-only device, implying a pdoping effect caused by the BP nanosheets to graphene. This is understandable as BP is a p type semiconductor with a lower Fermi level than graphene. 10, 11, 38 The graphene-BP phototransistor was characterized under light illumination with the measurement conguration shown in Fig. 3a . Four lasers with wavelengths of 360 nm, 405 nm, 532 nm, and 785 nm and a tunable light intensity were used. The transfer characteristics of the device under 360 nm illumination with different radiant uxes are shown in Fig. 3b . The same characteristics for 405, 532, and 785 nm are shown in Fig. 3c for all four lasers. The curves can be tted well with the following equation:
where A and a are constants for each laser and P is the radiant ux. The a values obtained by tting the experimental data are listed in Table 1 . It is worth noting that this relationship has been widely observed in photogating phototransistors. 35, 39, 40 Considering that the fermi level of graphene lies between the band gaps of BP, the photo-response scenario is illustrated in Fig. 3d . The BP nanosheets are responsible for the light harvesting. Both the photo-induced electrons and holes in BP should be able to transfer from BP to graphene. Nevertheless, due to the energy barrier in the graphene-BP interface, the transfer of electrons would be either forbidden or retarded, inducing net electron residues in BP. This will lead to an extra negative bias to graphene, which corresponds to DV Dirac . Note that the shi of the transfer curve in the high negative voltage region is smaller than the Dirac point, which may be due to the high hole density in graphene induced by the hole injection from BP. The output characteristics of the graphene-BP phototransistor were measured under different light illuminations with a V G of 0 V. From the output results, the responsivity (R) is calculated with R dened as:
where DI is the photocurrent, I light is the channel current under light illumination, and I dark is the channel current in the dark. Five representative R-V DS curves with different radiant uxes are plotted and shown in Fig. S3 † for each light illumination. The curves of responsivity as a function of radiant ux for different light illuminations are plotted in Fig. 4a . Notice that the photocurrent DI is given by:
where W and L are the width and length of the channel, C i the capacitance of the gate dielectric per unit area, and m the carrier mobility. Considering eqn (1) and (3), the responsivity can be given by:
is a constant, and a À 1 ¼ b. Fig. 4a demonstrates the good power function relationships between R and P, with different indexes for different lasers. The tting results of b are listed in Table 1 . The experimental data of a and b are in good accordance with the theoretical data with a tolerable error. The output and transfer characteristics of the device consistently conrm the photogating mechanism of the photoresponse. The responsivity increases with the decrease of radiant ux and the increase of V DS . Fig. 4b shows the curves of responsivity along with V DS for four different lasers each with the lowest irradiance. At the largest V DS of 5 V, the device has the largest responsivity of 7.7 Â 10 3 A W À1 for 360 nm illumination with a radiant ux of 0.22 mW. It is worth noting that, rst, the channel length of the device is 200 mm, which is very larger than those previously reported for BP-based photodetectors. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Second, graphene is not covered by BP nanosheets completely, unlike other analogous photodetectors fabricated based on the hybrid of graphene and layered BP single crystal BP. 29, 30 These imply the superiority and huge potential of the presented device. Fig. 3b shows the decrease of responsivity with the increase of wavelength, especially a sharp drop at 785 nm, reaching 21 A W À1 with a radiant ux of 9.09 mW. To gain more insights into the broadband response ability of the device, the external quantum efficiencies (EQEs) at V DS of 5 V and V G of 0 V for the four lasers are calculated using the equation EQE ¼ Rhn/e, where h is the Planck constant, n is the light frequency, and e is the elementary charge. Considering that the EQE relies on radiant ux intensively, the EQEs for different lights are calculated using the data with most comparable radiant uxes, mimicking the absorbance measurement conditions. The results are plotted along with wavelength and shown in Fig. 4c . The trend of the curve resembles the absorbance spectrum of the BP-graphene hybrid lm very much. This result manifests a broadband response ability of the device rooting in the light harvesting by the hybrid lm.
The dynamic responses of the phototransistor to lights were characterized and are shown in Fig. 4d . The highest light irradiance and a long illumination duration of 50 s were used to reveal the process clearly. The photocurrents keep increasing with the increase of light illumination. When the light is turned off, the photocurrents decay sharply rst, and then decrease slowly. The ascendant and descendant processes of the photocurrent are tted with exponential functions of DI ¼ c 1 ð1 À expðÀt=s a1 ÞÞ þ c 2 ð1 À expðÀt=s a2 ÞÞ and DI ¼ c 3 expðÀt=s d1 Þ þ c 4 expðÀt=s d2 Þ, respectively. Therein, s a1 and s d1 are separately the time constants of fast rise and decay, and s a2 and s d2 are the slow rise and decay. The tting parameters of these time constants are listed in Table 2 . The fast time constant should be associated with the carrier transfer from BP to graphene, and the slow time constant is usually attributed to the charge transport process in the light sensitizers, 35, 39 which are BP nanosheets, especially the multilayer BP nanosheets in this study. Notice that s d1 and s d2 are larger than s a1 and s a2 , respectively. We speculate the reason is that the energy barrier at the interface of BP and graphene hinders the inverted charge transfer, thus slowing down the charge recombination process.
BP has been proved to be very unstable in the atmosphere due to its robust reactions with oxygen and water vapor, which can be accelerated by photons. 10 This will be a big obstacle to apply BP in phototransistors. Graphene has been reported as an effective encapsulation layer when covering upon BP in phototransistors. 30 This study pushes this strategy further by sparing the step of washing off the PMMA lm on graphene, which is a built-in layer in the wet transfer process of graphene. With this design, the graphene-BP phototransistor is self-encapsulated by the PMMA lm. To evaluate the effect of this encapsulation, the transient photo-response behavior of the device was characterized under a multi-cycle on/off illumination of 532 nm light in terms of the exposure duration to air. The result in Fig. 5a shows that with 5 minutes exposure to air, the photocurrent has a little increase. This can be ascribed to the p-doping of graphene induced by the oxygen adsorption, which would help leveling the valence band of BP and the femi level of graphene, 41 facilitating hole transfer from BP to graphene. Thereaer, the photocurrent remains constant aer 12 hours exposure to air, implying a good device stability in air. To clarify the role of the PMMA layer, a control device with PMMA washed off was prepared as well. The photocurrent of the devices with and without PMMA was monitored using the same measurement protocol in Fig. 5a , in terms of the air exposure duration of 5 min, 12 hours, and 45 days. The result is shown in Fig. 5b . The photocurrent of the device without PMMA has a very faster decay than the device with PMMA, falling to 0 at the 45 th day. On the other hand, the PMMA device still holds 65% of its initial photocurrent at the 45 th day. This result clearly demonstrates that the PMMA layer can prevent the deterioration of BP as an effective encapsulation layer.
Conclusions
In summary, a phototransistor based on a hybrid of graphene and BP nanosheets is fabricated with a facile process taking advantage of the wet transfer technology of graphene. The integrated BP nanosheets have a wide range of thickness, inducing a broadband photo-response of the device in the spectrum from 360 nm to 785 nm. The device demonstrates a responsivity of 7.7 Â 10 3 A W À1 to a light of 360 nm, despite a wide channel length of 200 mm. The photo-response mechanism is revealed to be the photogating effect due to the light harvesting by BP. Moreover, the as-prepared device is selfencapsulated by a PMMA layer, which introduces an excellent atmospheric stability in the device.
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